We present an extensive theoretical study of a series of phenothiazine derivatives adsorbed on Au(111). A series of experimentally accessible quantities are calculated (ultra-violet photoemission spectra, scanning tunneling microscopy images). All simulations were performed by using DFT techniques and LCAO expansion of the molecular orbitals. The microscopic picture established in this work provides a deeper understanding of the interfacial processes that govern the working principle of single-molecule electronics and organic electronic devices. 
Introduction
Self-assembled monolayers (SAMs) of organic thiols on metal surfaces are well organized supra-molecular structures that arise spontaneously by immersion of a substrate into the molecular solution. The molecules that form SAMs consist of three units: a head-group which binds to the substrate, an end-group that constitutes the outer surface of the monolayer, and a spacer that connects head-group and end-group and affects the intermolecular separation and molecular orientation. Due to the huge amount of the potential applications, the interest among * E-mail: iturcu@itim-cj.ro the scientists in this research field is in a continuous increase [1] [2] [3] . The variety of applications based on SAMs is extremely rich [4] [5] [6] [7] [8] . SAMs of dipolar organic molecules provide a pathway to tune these barriers at the molecular scale by modifying the effective workfunction of the electrodes and adjusting the alignment of the metal Fermi energy with the desired molecular states. For SAMs built with π-conjugated thiols on some noble metals the device features delicately depend on the local electronic charge density and on the geometric structure of the molecule of interest [9, 10] . There are many published papers recognizing that despite recent advances in the fabrication of nanoscale structures and the manipulation and imaging of adsorbed molecules, the local details of the single molecule interacting with metal surface remain ill-defined [11] [12] [13] . Accordingly, there is a lot of room for a deeper understanding of local structure of a single molecule/metal interface.
The development of molecular devices requires a thorough understanding of the physical and chemical properties of both adsorbed molecules and metal surface. Theoretical investigations based on density functional theory (DFT) quantum-mechanical calculations have contributed significantly to the understanding of SAMs physical properties. DFT studies on phenylthiol on gold [14, 15] pointed out the importance of Van der Waals interaction in self assembling process. The effect of interface dipole for acrylonitrile on Cu, Ni, and Fe showed the role of metal-molecule charge transfer versus the changes in the metal's electronic structure [16] . Benchmark studies on 4'-methyl-4-mercatobiphenyl have proved the ability of DFT to correctly describe the physical properties of the organic SAMs formed on metallic surfaces [17] . The properties of SAMs of alkanethiols on noble metal substrates [18, 20] proved also the ability of DFT to produce reliable results for the understanding of SAMs physical properties. In particular DFT results were found to be in good agreement with high-resolution electron energy loss spectroscopy results [18] . A comparison between the quality of DFT results with CASPT2 for benzene, copper and silver was reported by Bilic et al. [19] showing that the dispersive forces are poorly described by DFT.
In this work, we focus on a structurally and chemically well-defined class of π-conjugated organic molecules (phenothiazine derivatives) deposited on Au(111) aiming to describe theoretically the local geometric characteristics of the adsorbed molecule, adsorption energetics, and the local electronic structure at metal -molecule interface.
The phenothiazine (PTZ) derivatives have been selected due to their wide applicability. PTZ molecule has been the basis for the development of antihistamines and antipsychotic drugs such as promethazine and chlorpromazine, respectively [21] . They are also basic dyes that possess redox properties and can be envisaged as both potential electrophone probes in supramolecular assemblies [22] and as components in photogalvanic systems for potential solar energy conversion [23] . PTZ and its derivatives are light sensitive, exhibit electron-donor properties and are used as chromophore for photoinduced electron transfer experiments [24] . Possessing electron-donating substituents this class of molecules maximally absorb light within the biological therapeutic window (600-800 nm). One of the most evolving application of methylene blue and its derivatives has been as photosensitizing agents in photodynamic therapy [25, 26] . Due to their properties, PTZ derivatives are interesting candidates for obtaining new materials (e.g. via mercapto or thioacetate derivatives) by deposition as SAMs on Au(111) surface. Some recent publications revealed special properties for the aggregates obtained by the deposition of phenothiazine units on gold nanoparticules via mercapto derivatives [27] . The paper is organized as follows: the investigated molecular systems and the computational methods are presented in chapter 2. Chapter 3 is set aside for the results and the final chapter is devoted to conclusions. 
Molecular systems and computational methods

The systems
In the first part of our investigation we study the geometry and total energy of three PTZ derivatives (see Fig. 1 ) with different length of the alkylic chain (we label these three molecules PTZ2, PTZ3 and PTZ4). For all molecules we took the same orientation relative to the gold surface (see Fig. 2 ). Throughout the paper we call these three models as Au-PTZ2a, Au-PTZ3 and Au-PTZ4 respectively. In a second step we investigate different adsorption geometries for the PTZ derivative with the shortest alkylic chain. Geometrical models Au-PTZ2b and Au-PTZ2c deal with the molecule having the π rings oriented parallel-like with the gold surface (see Fig. 3 ). Model Au-PTZ2d corresponds to Au-PTZ2a, with the PTZ molecule rotated by 180 degrees (see Fig. 3 ). In order to simulate the surfaces geometry we choose a supercell including a 5 × 5 elementary cell of the (111) surface, for a total of 25 gold atoms / layer (see Fig. 2 ). We note that the resulting size of the supercell is large enough in order to avoid the interactions between periodic images of the molecule. The distance between equivalent atoms is about 14.5 Å and the smallest distance between non-equivalent atoms is 4.5 Å. This choice is motivated by the fact that DFT leads to results that may be nonreliable for systems where Van der Waals interaction is present. On the other hand, the adsorbtion of organic molecules on noble metal surfaces is described with significantly higher accuracy. Therefore, we choose to study the isolated molecule interacting with the metallic surface.
The systems were modeled by the repeated-slab approach, where three layers of gold are used to represent the Au(111) surface in the lateral unit cell illustrated in Fig. 2 . The large scale reconstruction of the clean Au(111) surface was not taken into account. The vacuum region between the topmost atom of the adsorbed molecules and the next slab was taken larger than 6 Å. The isolated molecule was calculated in a 3D periodically repeated box with the dimensions 20 × 20 × 20 Å.
Computational details
We performed DFT calculations employing an LCAO basis set with an energy shift of 50 meV to expand the KohnSham orbitals of the valence electrons; norm-conserving (Troullier-Martins) pseudopotentials were used to describe the core electrons [28] . All calculations were performed using the SIESTA code [29, 30] . The PBE exchange-correlation (XC) functional was chosen [31] . We employed a Fermi-Dirac occupation scheme with a broadening of 0.025 eV. Calculations were conducted at the Γ-point only. Only spin-restricted (unpolarized) calculations are reported here, since no significant quantitative changes are observed upon inclusion of spin polarization.
All atoms of the molecules and the top layer of gold were fully relaxed using a conjugate gradient scheme until the remaining forces were less than 0.01 eV/Å. We focus on the computation of physical relevant properties, such as ultraviolet photoemission spectra (UPS) and scanning tunneling microscopy (STM) images, as well as in the assignment of the resulting spectra. STM images were obtained following the Tersoff-Hamann approach [32] . Constantheight images are approximated by an isosurface of the local DOS,
between the Fermi energy, E F , of the system and the tip bias V (E F − V < < E F , for positive tip bias). We took a value V = −0 5V in all our simulations. Here, φ denotes a Kohn-Sham orbital and its energy eigenvalue. In order to better take into account the finite size and shape of an actual STM tip, we choose to average the LDOS obtained in our calculations over the points of the surface of a spherical tip with a diameter of 2 Å. At each point of the fine real-space grid, the value of LDOS is thus replaced by the average over the surface of the spherical tip with its apex being at that point in space.
Results
Adsorption geometry
For Au-PTZ2a, Au-PTZ3 and Au-PTZ4, after geometry optimization, we find the sulfur docking atom to be situated in the fcc-hollow with only a minor distortion towards the bridge-site (S-Au bonds have a length of about 2.4 Å).
We remark that the bond lengths are only slightly changed (about 2−4%) upon the adsorption of the molecules. The absence of significant changes upon adsorbtion in the remaining bond lengths indicates that no substantial charge transfer between metal and molecule occurs, as this would distort the molecule. We find that the long axis of the molecules (i.e. S-S axis) is tilted by 1.9, 2.6 and 3.3 degrees from the surface normal for Au-PTZ2a, Au-PTZ3 and Au-PTZ4 (for Au-PTZ2d this value is 5.6 degrees).
In the cases of Au-PTZ2b and Au-PTZ2c the phenol rings have a strong tendency to orient parallel with the gold surface. Nevertheless the relative position of the S atoms with respect to the gold surface allows for a clear distinction between the two adsorption geometries by using STM experiments (see below).
In the case of Au-PTZ2d we remark that the distance between S atom connected with the two benzene rings and the gold surface is rather large (3.2 Å). As a consequence, we expect a weak interaction between molecule and surface for this geometrical configuration (see below).
Energetics
We define the binding energy, E , as E = E S − (E A + E PT Z ), where E A is the total energy of the free gold surface, E PT Z is the total energy of the PTZ molecule and E S is the energy of the surface -molecule system. The values of binding energy for the six systems are reported in Table 3 .2. We remark that, for the first three models, the binding energy is weakly increasing with the length of the alkylic chain (the difference between these binding energies is about 0.05 eV). The models Au-PTZ2b and AuPTZ2c lead to the strongest binding energies (a difference of about 0.5 eV compared to the first three ones). Finally, the most unfavorable orientation is found for Au-PTZ2d. In this case the large distance surface -molecule (about 3 Å) is an indication that the Van der Waals forces shall play the leading role in complex formation for this geometry. Therefore, we have to consider the binding energy for this case as an approximation, since DFT is known to poorly describe the Van der Waals interaction. Nevertheless, we note that in the first steps of the structural relaxation this distance was smaller. Therefore, we can argue that the equilibrium distance is estimated correctly since in the first steps of the relaxation (i.e. when the distance S-Au was in the range correctly described by DFT) the force occurring between molecule and surface was found to be repulsive. This is an interesting result, since Au-S bond is known to be reactive. Nevertheless, in this case we see that the chemical environment of S atom has to play a very important role (see below for further discussion on this topic). We mention that the BSSE correction were not taken into account in computing the values listed in Table 3 .2. As a rule of thumb, these correction are expected to be about 1.0 eV for each case. We conclude that the interaction of the π ring with the Au(111) surface brings an important contribution to the interaction between molecule and surface.
UPS spectra
The molecular PDOS can be used to track the frontier molecular orbitals (MO) in the system and to determine their energetic positions relative to E F . In the case of metal-molecule system, by summing over all PDOS contributions of all non-gold atoms, the purely molecular PDOS can be extracted as well (Fig. 4 ). The energy range below E F provides a first approximation to the expected UPS spectra after compensation for the signal of the underlying gold substrate. The latter can be approximated by summing the PDOS over all gold contributions (dashed line in Fig. 5 ). Note that many-body effects such as the screening of the hole after the photoionization process are not accounted for in this approach. Further, the energy needed to extract an electron from the HOMO orbital of the molecule (i.e. the ionization energy for the isolated molecule) may be found by adding a correction to the energy of the HOMO orbital. This correction is given by the average Hartree potential in vacuum (i.e. far from any of the atoms in the system) [33] . The PDOS of PTZ2 molecule is given in Fig. 4 . The average of the Hartree potential in the vacuum is −0.37 eV. We remark that the HOMO orbital lies very close to the Fermi level (i.e. the ionization energy of the free radical is very small). In 25 for Au-PTZ2d, respectively. In the case of the first peak above E F , the differences between the six models are smaller. This peak is located at about 2.4 eV above Fermi level, for all models. The values for all systems (average of the Hartree potential in the vacuum is subtracted) are given in Table 3 .3. We see that the HOMO orbital of the free molecule is shifted toward negative values (i.e. the system is stabilized). The value of this shift is about 25% larger than the value of the binding energy for the first three models, while for the last model (i.e. Au-PTZ2d) this shift about the double of the binding energy. While the metal -molecule energetic stabilization is a factor that can explain such a shift, we have to take into account the charge transfer metal -molecule in order to rationalize this behavior. The charge transfer has as consequence the presence of a different number of electrons on the interacting molecule, compared with the free one. As a consequence, the position of the Fermi level (and that of the HOMO orbital) will be changed. We conclude that in the case of Au-PTZ2d the largest charge transfer metal -molecule occurs. This ansatz is explicitly verified at the end of this section. Finally, we note that values in Table 2 indicates that the UPS spectra shall make a clear distinction between the Au-PTZ2a and Au-PTZ2d, while the difference between Au-PTZ2b and Au-PTZ2c is minimal. Finally, there are significant differences between Au-PTZ2a and Au-PTZ2b (or Au-PTZ2c). The same is the case when the Au-PTZ2d is compared with Au-PTZ2b (and Au-PTZ2c). The contour plot of the HOMO and LUMO orbitals for free molecule (see Fig. 6 ) shows that HOMO is delocalized over the whole molecule, with a significant contribution of the S at the end of the alkylic chain. On the other hand LUMO is localized on the phenol rings.
Due to its shape HOMO substantially interacts with the Au(111) substrate for all models. We see that the energetical overlap of HOMO with the gold -band (Fig. 5) is slightly different for the six models. On the other hand, the amount of this overlap does not necessary follow the value of binding energy. This is a consequence of the fact that only a part of the HOMO (i.e. the contribution of S to it) is important for metal -molecule interaction. LUMO has small values over the region around alkylic chain (in particular on the S atom) and can thus be expected to be less efficient in coupling the delocalized π-system to the Au(111) substrate for the first three models. On the other hand, LUMO has a substantial contribution to the states localized close to the S atom close to phenol rings. This will lead to an increased antibonding character of the SAu bond for the orientation PTZ2d and consequently to a repulsive force between molecule and surface. Around E F , the molecular PDOS is clearly nonzero. We remark the presence of "molecular states" that are induced by the presence of metallic atoms (metal induced states, MIS) in the HOMO-LUMO gap. This is a consequence of the coupling between the molecular states and those of gold.
Finally, we investigate the charge transfer occurring between molecule and surface. Since the different methods proposed in literature to analyze the electronic populations (i.e. Mülliken, Löwdin, Bader etc) have serious drawbacks, we chose to estimate electronic population on S atoms by using direct integration of the electronic density inside a sphere of radius R, centered on each atom. Although this method has the advantage of working directly with the density of charge, there is no way of defining the radius of an atom. Therefore we integrate over spheres with different radius (from 0.2 up to 2.5 Å) and plot the results for free molecule and for molecules in interaction with metallic surface. This gives us a qualitative information on the behavior of the charge located around atoms. In order to get a quantitative estimation of the charge transfer we compare the values of the integral for a sphere with a fixed radius, for all models and for the free molecule. Figure 7 gives a comparison between the total charge centered around S atom at the end of alkylic chain in the free molecule and the same quantity in the Au-PTZ2a system. We see that the two curves are almost identical for a radius of 1 Å (which is slightly bigger than half of the S-C bond, therefore should be representative for the electronic population located on S). By comparing the results for the above mentioned value of the radius R for all models, we found a value of charge transfer of about 0.02 -0.07 which is a very small value. We found similar value (i.e. 0.04 e) for the second S atom, in the case of model Au-PTZ2d and conclude that the charge transfer S -Au is playing a minor role in the formation of surfacemolecule bond, for all cases.
In a second step we estimate the total charge transfer, by summing up the electronic populations of all atoms in the molecules. In order to find the radius for each atomic sphere we start by analyzing the free molecule. For each atom we search the radius where a charge close to the valence charge is located. In a next step we took an average value for the atoms with similar values of R. As a result, we use R = 0 64 Å for C and N, R = 0 53 Å for H and R = 0 95 Å for S and Br. The differences of total charge ∆Q = Q − Q resulting from this procedure are 0.16 e (Au-PTZ2a), 0.24 e (Au-PTZ2b), 0.21 e(Au-PTZ2c) and 0.26 e (Au-PTZ2d). We remark that the charge transfer is favored for the last three orienta- tions. Remarkably, it has a relatively large value for the Au-PTZ2d system. This is an indication that this type of interaction plays an important role in the energetic stabilization of the system for this orientation.
STM images
In Fig. 8 the calculated constant-height STM images are shown for selected systems. The calculations indicate that orientation of the S atoms plays a crucial role on the appearance of the STM images. For the four situations, we have two types of images. For Au-PTZ3 and Au-PTZ2b two spots are present, while for the other systems only a single maximum is present in the simulated image. Nevertheless, the height of the scan in the case of model Au-PTZ3 is clearly larger than the one used to obtain the results for model Au-PTZ2b. The same situation occurs for Au-PTZ2c and Au-PTZ2d. We conclude that the STM images may discriminate between the most probable orientations of the PTZ adsorbed on Au(111) surface. This can be done by taking into account both the results of the scan and the height of the scan. Finally we make a technical comment concerning the simulated STM images. We found that the quality of the images is quite sensitive to the value of the parameters used in the simulation (i.e. tip-surface distance). The images simulated by shifting the tip with about 1.5 -2.0 Å are similar for all models (i.e. a single spot). This effect appears only if the STM tip has a spherical shape. If we use a point-like tip we can discriminate between different models even for larger distances tip-surface. Nevertheless, this result is an artifact since the real tip has a well defined geometrical shape. Therefore we conclude that the use a correct geometry for the STM tip in the simulation is essential in order to obtain a good correlation between numerical simulations and experiment.
Conclusion
We have studied the adsorption of several phenothiazine derivatives on Au(111) surface by means of densityfunctional calculations. A series of experimentally accessible quantities such as geometric structure, binding energy, STM images and UPS spectra have been calculated. We shown that the most stable configuration is reached when the phenolic rings are parallel with the gold surface. This can be explained by the direct coupling between the π ring and the gold surface. While the UPS spectra may lead to a clear distinction between the different adsorption geometries, the STM images can be used to discriminate between different surface -molecule relative orientations, but they are very sensitive to the experimental setup.
